Using a mathematical model, we show that a Triple Helix (TH) system contains self-interaction, and therefore self-organization of innovations can be expected in waves, whereas a Double Helix (DH) remains determined by its linear constituents. (The mathematical model is fully elaborated in the Appendices.) The ensuing innovation systems can be expected to have a fractal structure: innovation systems at different scales can be considered as spanned in a Cartesian space with the dimensions of (S)cience, (B)usiness, and (G)overnment. A national system, for example, contains sectorial and regional systems, and is a constituent part in technological and supra-national systems of innovation. The mathematical modeling enables us to clarify the mechanisms, and provides new possibilities for the prediction. Emerging technologies can be expected to be more diversified and their life cycles will become shorter than before. In terms of policy implications, the model suggests a shift from the production of material objects to the production of innovative technologies.
Introduction
A market-oriented economy's transition to a knowledge-based economy increases the pressure of globalization because dynamics can be expected to change at the supra-national level. In this study, we argue that the conceptualization of this system in terms of a three-dimensional vector space as, for example, specified in the so-called Triple Helix of university-industry-government relations [1] , provides the sufficient and necessary conditions for the specification of a mathematical model that can explain how technological trajectories can be formed between "double helices" (DH), and how a self-regenerating system can be expected to develop at the global level of a Triple Helix (TH). We illustrate how the communication field generated by the interactions among the trajectories is sensitive to the order of the relations. Thus, (linear) symmetry is broken and innovation can be expected to emerge. A system's approach to innovation studies was first introduced by Freeman [2] with reference to the Japanese system of innovations. The approach was then generalized by Lundvall [3, 4] and Nelson [5] to the theory of "national systems of innovation." Porter [6, 7] abstracted from the national context by focusing on "clusters" of innovations that can be more dense and differently shaped in regional and/or national settings. Gibbons et al. [8] added that "the new production of scientific knowledge" transforms the systems dynamics from "Mode-1" into a trans-national and trans-disciplinary field that is driven by communication across institutional borders ("Mode-2").
Leydesdorff [9] specified that a system with three subdynamics can endogenously generate complex dynamics, but in the Triple Helix metaphor [1, 10] the emphasis initially remained on integration in terms of institutional relations. Leydesdorff [11, 12] then distinguished between this neo-institutional model of relations, and the neo-evolutionary model of different subdynamics such as wealth generation, novelty productions, and normative control in any system of innovations. These subdynamics can also be considered as functions and then be modeled as vectors in a vector space.
The paradox of the current situation is that "if the working of the Triple Helix (…) is relatively well explored and usually examined at a specific moment in time (a synchronic interaction), a methodology for analyzing the transition among Triple Helix regimes over time (a diachronic interaction) is a relatively under-conceptualized problem" [13, p.2] . Hitherto, the TH model has rested mostly on phenomenological case-studies. The failure to understand the mechanisms causing the dynamic evolution of the Triple Helix significantly reduces the effectiveness of this model. Case studies describe situations in different regions and are difficult to compare. In our opinion, one should avoid thinking in terms of phenomenological descriptions and instead develop analytical techniques that enable us to study how different factors interact in a systemic context.
In this study, we claim that such a TH model can be specified on the basis of formal logic, and then elaborated into a mathematical formulation.
The research question of this paper is to overcome the drawbacks of the phenomenological approach by presenting a mathematical formulation of the TH model. This can help to formalize and operationalize the non-linear dynamics and reveal the features that remain hidden in phenomenological descriptions. How does the interaction among the three players-Industry (or Business), University (Science), and Government-develop an innovation infrastructure? From this perspective, the TH model is special not only because it allows us to create an effective system for the development and promotion of innovations, but also because it provides the lens through which one can make a breakthrough in understanding the fundamental mechanisms in innovation systems. The non-linear dynamics of interaction among actors can be expected to lead to a fractal structure in a TH system. Such a fractal structure provides self-similar patterns in innovation systems at different scales, which are replicated in innovation activities at various scale levels. Because of this fractal structure [14] , innovations can be integrated into systems not only nationally, regionally, or sectorially, but across dimensions while incorporating both separate companies and projects. At each scale a TH structure can be expected and further analyzed. This paper is organized as follows. In Section 2, the classical TH model is described in terms of innovation systems. In Section 3, we discuss the issue of evolutionary symmetry in a TH system.
The TH model can be described mathematically as a group of rotational symmetries in a threedimensional space. In Section 4, we focus on innovation cycles and waves. The cyclical character of innovations, that is, the periodic arising of innovative activity, allows for defining waves of innovations and describing innovation as propagating in a specifically defined space. In Section 5, the combination of TH symmetry with innovation waves is shown to result in non-linearity and self-organization. In Section 6, we explain how the interactions among different technological trajectories can be expected to result in the fractal structure of the TH model. In Section 7, the results are summarized and we elaborate on options for policy-makers. Readers especially interested in the mathematics will find a more elaborate description of the model in the Appendices.
2 The Triple Helix model of Innovations
The Triple Helix model assumes that the driving force of economic development in the postindustrial stage is no longer manufacturing, but the production and dissemination of socially organized knowledge. Institutions that generate knowledge increasingly play a role in the networks of relations among the key actors: University (Science), Industry (Business), and Government (Governance). The spheres of these activities are increasingly overlapping. In areas of intersection, the actors can partially substitute for one another.
Universities, for example, in addition to fulfilling educational and research functions, increasingly undertake a part of the business functions, creating small innovative companies and becoming thus a stakeholder in socio-economic development. Industrial corporations create their own research centers and training centers for employees. They can also use the university's infrastructure in order to conduct their own R&D activities, and thus shift part of their costs to the state as the main source of funding for universities. Governments encourage the development of small innovative enterprises through priority financing of specific universities and legislative regulation, and they stimulate industry to develop and implement new innovative technologies. The domain of the TH model coincides with the area where the institutional spheres of the three actors-S, B, and G-overlap, and where there is maximum interaction among these actors.
However, the respective area sizes and the nature of the agents interrelating can be expected to change constantly due to the interactions. Constant change is therefore one of the TH model's features; the other feature is the model's non-linearity.
Despite the wide acceptance of the Triple Helix model, there remain a number of issues requiring further attention. For example, one can ask: which mechanisms are responsible for the increased potential for coalition building and how can one understand the non-linearity of the model? From a mathematical point of view, this "non-linearity" suggests a non-linearity in the functional dependencies. What kind of functional dependency is meant in the case of a TH model? Can it be 7 described as an exponential function or is it a power function, a sinusoidal or something else? Without a mathematical model, one cannot detect the functional dependency; and without a proper definition of the nonlinearity involved, one cannot establish a link between the interaction of actors and the innovations generated at the systems level.
The nonlinearity of modern innovation systems is due to the nonlinear nature of the economic development in such systems. Freeman [2] pioneered the vision that innovation should be understood as an interactive process, and not as a linear one. This nonlinear model deviates from Schumpeter's [15] model, because he distinguishes between creating innovations and the process of their development and application, and accordingly suggests that the number of innovations would be directly proportional to the number of inventions-providing a linear function.
However, the current paradigm of innovation systems is nonlinear. This nonlinearity is caused by the reverse process of transferring information from the subsequent stages of advancement to previous ones, in addition to the direct process of technology transfer from R&D to the market. The market is not only driven by innovations, but, in turn, acts as a stimulant of innovations. Thus, the number of innovations will nonlinearly depend on the number of inventions. However, the nonlinear process of technology transfer is also typical for systems in which there is only a dyadic interaction present, that is, Double Helix (DH) systems, but despite the nonlinear process these systems, as we show below, cannot be considered as non-linear systems.
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How is the non-linearity of innovation processes in systems with dyadic interaction different from nonlinearity of the processes in systems with a triadic interaction? Non-linearity at the systems level can be defined as the ability of self-replication and self-generation of new organizational formats. This non-linearity is based on phenomena that can be witnessed in the area of the triple intersection, where the actors can mutually replace each other, in addition to being the center of generating new innovative technologies. The intersection can thus become the center of new organizational formats.
We shall show (in Section 5) that such a nonlinear interaction is only possible if the number of interacting actors in the same field is larger than or equal to three. In this sense, a model (as in The continuous variation and nonlinearity makes the Triple Helix a nonlinear dynamical system.
A nonlinear dynamical system must have the following features: first, the system contains feedback loops; second, areas are present where more than a single state of equilibrium is possible; third, the system can be considered as fractal; and fourth, there is a sensitive dependence of the systems dynamics on initial conditions [16] . All these features must be appropriately accounted for in a mathematical model of the Triple Helix.
The Triple Helix symmetry and evolution
In this section, we describe the symmetry aspects of the TH model that arise from its evolutionary development. A TH system can be conceptualized in terms of its components, relationships, and functions [13] . Components include the institutional spheres of Business (B), University (S), and [18]).
The events in Fig. 3 can also be presented as a vector P, drawn from the origin of the coordinate system to the point marked by the word "patents." The input of W, N, L to patents can be represented as their corresponding shares per unit patent, so that the vector P is normalized. We can then decompose vector P into the sum of three vectors: , , , positioned along the corresponding coordinate axes W, N, L: 
Coefficients , , reflect in this case the relative contributions of Wealth generation, Novelty production, and Legislative control to scientific research.
Analogously, one can map the results of Government and Business activity in terms of the three functions. Each of the three actors participates in Wealth generation, Novelty production, and
Normative control. From a formal viewpoint, this can be expressed in the following way:
There is no unit scale for the three axes. The nature, structure, and motivation of the functions are highly different: Novelty can be measured, for example, in terms of patent citations or technologies in which these patents are used, Wealth can be measured in terms of profit, and
Normative control is measured in terms of legislative acts. In sum, we map these units relatively and without dimension. The coefficients in Eq. (3) (3) and (4) show that TH system can be regarded from a unified viewpoint.
System functions and components are interdependent.
The schema of Fig. 1 can now conveniently be represented in the Cartesian coordinate system of We can further normalize vector V setting: , then the corresponding components of vector V are specified as follows: Over time, the relative inputs of institutional spheres in Wealth generation, Novelty production, and Normative control are subject to change. This means that the coefficients in Eqs. (3) and (4) change over time and this can be accounted for by a rotation of vector V in the coordinate space of
(G, S, B).
Etzkowitz and Ranga [13] suggested describing the process of interactions and evolution via Knowledge, Consensus, and Innovations Spaces. These spaces are related to the three functions, respectively: novelty production, normative control, and wealth generation [17] . Each of the Depending on specific initial conditions in various regions, the innovation process may comprise consecutive initiatives that lead to building the mentioned spaces in various time successions.
Etzkowitz & Ranga [13, 19] rotations of the vector V, which represents the evolution of the TH system. Because of the continuous evolution of the system, the TH symmetry can also be considered as a dynamic symmetry.
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In a system with three coordinates, as against one with two, the order of the successive rotations is important. Figs. 5 and 6 show this. If one first rotates a vector V in the rectangular area counterclockwise at around the x-axis and then counter-clockwise around the y-axis, the result is as pictured in Fig. 5c . If one first rotates counter-clockwise at around y-axis and then counterclockwise around x-axis the result is as pictured in Fig. 6c . In other words two successive rotations cannot be interchanged without changing the outcome. When the above example is related to innovation practices, the order of successive initiatives is important. If one first creates a Knowledge space and then a Consensus space, one first strengthens the role of University, and then the role of Government. This can be presented in Fig. the rotation of the vector V is performed in the coordinate system of a plane, and the order of the two successive rotations makes no difference. We shall see below that this three-dimensional rotational symmetry of the TH system is one of the reasons for its non-linearity and selforganization.
Innovation cycles and innovation waves
In addition to the distinction between institutional and functional spaces between which rotation is possible, we must introduce the difference between cycles and waves [20] . In general, cyclical processes presume that some perturbation arises periodically with time intervals, whereas waves imply that the perturbations are moving in a space. We shall argue that cycles provide the spaces for the waves which can then be considered as the up-hill and down-hill trajectories on a landscape that is evolving cyclically in terms of regimes. In addition to techno-economic paradigms, one distinguishes also regulatory paradigms.
Technological paradigms refer to the scientific and manufacturing base in specific fields of technology [32, 33] , whereas a regulatory paradigm operates as an institutional framework.
Freeman and Perez [31] entertain a dialectical or evolutionary model in which the forces of production generate new technological possibilities that periodically upset the regulatory frameworks [34] .
A technological development within the limits of a specific paradigm that is molded by market regulations can be considered as a technological trajectory. Like technological trajectories, formed by markets and technologies, markets and political-decision making processes can also form similar trajectories [35] , which we may call regulatory trajectories. Regulatory trajectories combine decision making and market forces; for example, into bureaucracies.
Whereas regulation is focused on the support of manufacturing in industrial economics, in a knowledge-driven economy regulatory mechanisms focus on supporting knowledge generation structures. From a formal perspective, regulatory trajectories evolve like technological ones: both market forces and decision making can be locked into technologies [36] . Regulatory trajectories 20 are shaped in co-evolutions, just as technological trajectories at the interfaces between technology push and demand pull.
There are periods when knowledge development plays the primary role, and periods when demand plays the primary role in shaping a technological paradigm [37] . Markets and scientific R&D activities can also show co-evolutionary dynamics; for example, when a large part of university R&D is performed in consideration of present or future market demand. One may wish to call this a knowledge trajectory. As Leydesdorff and Etzkowitz [38] formulated, "three dynamics can be distinguished: the economic dynamics of the market, the internal dynamics of knowledge production, and governance of the interfaces at different levels."
Due to the cyclic nature of innovations, product technologies and associated industry structures also tend to have a life cycle [39, 40, 41] . The process of innovation development and introduction is not uniform and is characterized by periodic ups and downs, defined by economic conditions.
Most active innovation is carried out in periods of economic boom, in bullish areas of economic cycles [42] . Many industries show the dynamics formed by a succession of different technologies, with one technology being dominant in one period of time and then succeeded by another technology that is dominant for another period of time, which in turn is succeeded by other technologies.
The innovation cycle is accompanied by successive activation along the chain of innovation developers, manufactures, distributors, technology adopters, regulatory decision-making officials, and consumers. This activation proceeds not all of a sudden, but step by step. "An innovation can 21 be conceptualized as a trajectory of an idea or concept within science as an intellectual and social organization as well as within the domain of legal encoding (patents) and marketing (industry)" [43] . This process is more reminiscent of a wave than a cyclic process. In the TH model, this implies that one has to model the diachronic co-evolution of the spheres around each of the actors involved.
In summary, the innovation process can be described not as a cyclic, but as a wave process. The perturbations can be considered as innovative activities. The latter can be described by the function ( , ) c N t . The number of process participants is N-an integer value. In the case of a very large number of participants, we can replace the discrete variable N by a continuous variable x.
Innovation activity propagation in the space of innovation adopters can be described by a wave.
Cyclic bursts of innovation activities generate a chain of waves, or a chain of successively replaced technologies. In the simplest case, these waves are a solution of the linear wave equation:
The solution of Eq. (5) 
This function can be conveniently mapped in a three-dimensional Cartesian coordinate system as in Fig. 4 . The three components of this function reflect regulatory, technological and knowledge trajectories, that is, they correspond to the relative influence of G, B, and S actors over time. The internal symmetry of the function ( , ) c x t is described by a group of rotations in the threedimensional space O(3).
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In summary: we argue that technological developments, resulting from interactions among political, economic, and technological factors, take the form of waves, propagating in the space of innovation adopters. In the next sections we shall show how the combination of innovation waves with the internal symmetry leads to the nonlinearity and self-organization of a TH system.
Self-organization in a Triple Helix
The functioning of a TH system differs fundamentally from the functioning of a DH system.
Whereas in a DH of university-industry relations two subdynamics shape each other in a coevolution that may lead to relatively stable trajectories, the addition of a third subdynamic, as in a TH system of university-industry-government relations, makes these trajectories unstable [44] .
The TH dynamics can transform existing trajectories into new ones. In interactions among TH actors the partners act as selection environments for one another; the interactions among selection environments can generate new selection environments that then support new trajectories. This is suggestive of self-organization. But what is the mechanism of this self-organization?
In Fig. 4 above, we mapped the innovation system using three orthogonal coordinates (G, S, B).
When innovation in one sphere occurs it can be expected to lead to a redistribution of functions among actors, and the position of the vector V is changed. The rotation corresponds to the dynamic change of all agents' relative contributions due to the interaction among them. We proposed considering this change in position as a rotation of the coordinate system, but this rotation is not performed simultaneously along the whole path of an innovation trajectory. In periods when the market plays the major role in the development of the technological paradigm, 24 the contribution of business (B) would be larger than that of academia (S). When the situation changes and technological knowledge starts to play a primary role in shaping a technological trajectory, the relative contributions of actors S and B can also be expected to change. This implies some reorganization in technological, manufacturing, communicative, and market distribution networks.
The reorganization successively affects a number of participants and cannot be carried out without delays. In the initial stages, innovation affects only the groups of participants dealing with the initial phase of innovation. This entails a redistribution of functions among actors, concerning only these groups. Other groups of innovation participants, which join the innovation process at later stages, still remain unaffected by the new redistribution of functions. When the rotation is performed step by step, change gradually diffuses along the chain of innovation participants.
These two processes can be considered as global and local transformations of the TH system. The DH model refers mostly to a market or manufacturing economy. Technology trajectories, supported by large corporations, are then quite stable and subject to amendments, but less to radical change [45] . Because radical change and the creation of a new technological trajectory requires a restructuring of the existing manufacturing and marketing networks, which result in a potential reduction of marginal returns during the time of restructuring, radical innovations are not very welcome among large manufacturing corporations. According to economics, the behavior of manufacturers is defined by demand, and demand is expected to exert its influence within the limits of a technological paradigm. Hence, dyadic interaction leads to relatively stable technological trajectories, sometimes locked-in into a sub-optimal trajectory [35, 46] It should be noted that the TH model is unique in the sense that it possesses the minimal number of participants (actors) that provide a system with these non-linear dynamics. Possible next-order systems, i.e., prospective Quadruple Helix, Quintuple Helices, and so on [47, 48] , are also expected to inherit this same non-linear feature, given the non-Abelian symmetry groups specified in the Appendices.
The fractal structure of innovation systems
Field W in Fig. 8a can be considered the interaction field between two different innovation fields c. If the field describes the evolution of technological trends, the communication field W in Fig.   8b can be considered as a field describing information exchanges between technological trends.
Different technologies can influence each other; for example, the development of microelectronics 29 and integrated circuit technology made it possible to develop the computer industry. On its turn, progress in the computer industry has allowed for computerization and improvement of integrated circuits technology. Continuous improvements occurring in the two areas and the interchange of technology can lead to the faster development of both technological trajectories because of integrating effects at the systems level [49] . The study of the interactions between technological trends, i.e., technological trend dynamics, will be the subject of our future research.
In terms of dynamic symmetry, the interaction between the various technological trends is a function of the environment in which innovation is carried out. An innovation system creates such environments, by acting as an organizer. Depending on the environment, this interaction can be both linear and nonlinear. Linear interaction suggests that technological trajectories are mutually enriched by the exchanges but will remain within their borders. In that case, the interaction between the trajectories can be expected to result in a change in the nature of the evolution of each of them without necessarily generating new trajectories. Nonlinear interaction between different trajectories, however, can lead to the formation of new trajectories and new markets. "In a complex dynamics, the three subdynamics operate upon one another, and thus upset previously constructed quasi-equilibria, leading the system into new regimes" [50] .
Self-generation of the communication field W (as in Fig. 8b ), can be recursive and then can create a tree of "virtual technologies," or expectations about other possible options, which, for example, can be represented by patents awaiting market adoption. Only a small number of these patents will result in market products. But the presence and quantity of "virtual technologies" strongly affects competitiveness in the market. An example of nonlinear interactions in the TH model is provided by the interaction between computer technologies (PC market) and communication technologies (Internet), which has led to the formation of new markets: e-commerce, social networking sites, etc.
In such cases, functional communication is codified in institutional settings forming new communicative network and overlays. These new markets are supported by relevant infrastructure elements-software developers (actor University S), providers of goods, services, software (actor Industry B), and laws, governing the relations between the participants in each sector (actor Government G). In turn, the development of markets for e-commerce and social networks and their interaction with the computer market resulted in the emergence and growth of the Tablet PCs and smartphones market. This new market also leads to the formation of a TH structure. Thus, more and more markets can emerge. Each market encompasses a number of technologies, and each of these technologies requires a support system with a TH structure. In this way, we expect continuous TH system cloning, resembling the formation of a fractal structure.
This brings us back to the conceptualization of the Triple Helix system. Originally, the TH model was mainly applied to national innovation systems. National innovation systems contain a set of interrelated organizations engaged in the production and commercialization of scientific knowledge and technologies within national borders. In a next stage, the concept of applying a national innovation system to smaller-scale levels: regional, sectorial systems of innovations [51] , technological systems [52] and corporate innovation systems as different perspectives were
proposed [53] . Furthermore, the concept can be expanded to the larger-scale level of global regions.
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A knowledge-based economy can be more globally than nationally integrated, as in the case of Norway [50] . This was theoretically conceptualized as the necessity to account for additional dimensions. These authors formulated as follows: "in addition to local integration in universityindustry-government relations, one should also account for the dimension globalizationlocalization or, alternatively formulated, the international dimension as important to further development at the national system level." In these new dimensions under the actor G one should mean not national government, but the actor that more generally performs normative control functions in the systems under study.
In a previous study [54] , one of us suggested that the fractal structure of the innovation system should follow from the fractal structure of economic and innovation cycles, so that a single innovation system may serve a single innovation cycle or even a single project. It was shown that this TH model can also be applied to the single project of high-tech wooden house construction.
Intuitively it is clear, that a single innovation system, by virtue of its functional limitations, cannot cover the complete variety of innovation cycles, each of which also have a different nature.
Ideally, each cycle of innovations must meet the appropriate scope of its innovation system. In this sense, a set of innovative systems of different scales, corresponding to a fractal set of innovation cycles, is organized like a fractal manifold.
Our argument is that TH can be expected to exhibit the characteristic of a self-replicating system.
The self-replication is an intrinsic feature of the fractal manifold. And like other fractal manifold, this self-replication is performed both upwards and downwards at different scale levels.
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Hitherto, it was unclear what precisely the underlying mechanism of this fractal structure formation was. Building on the conclusions above, we are able to visualize this mechanism. This fractal structure is generated as a result of nonlinear interactions in the innovation system with a number of actors of no less than three, as a consequence of local transformations in the internal symmetry of the system. One can represent these interactions in the form of pictures. Fig. 9 shows a few initial steps of the self-generation from communication fields on the basis of Fig. 8b , in which each straight line is successively and recursively substituted by a vertex. In other words, performance evaluation should take into account the fact that in the knowledge economy the profit maximization criteria is replaced by the criteria of maximizing the economic and technological opportunities, i.e., the system's capacity to generate innovation. From this perspective, the criteria for assessing the effectiveness of an innovation system would consider 35 how effectively new innovations and new markets are developing. The innovativeness depends, among other things, on how branched the structure of an innovation system is.
Summary and Conclusions
We presented above a qualitative interpretation of the mathematical processes occurring in the Triple Helix model. The model elaborated in the Appendices takes into account the dynamic symmetry in the Triple Helix. As part of a dynamic model of the Triple Helix, we described cyclic processes in the institutional spheres by using wave equation. The wave equation describes the evolution of technological trends. Combined with the internal symmetry of the model, and taking into account local transformations, we derived an additional commutative field, describing the interaction between and among technological trends.
As a result of the previous sections we can draw the following conclusions:
1. The concept and the origin of the non-linearity in innovation systems was clarified. As Etzkowitz and Ranga [19] formulated: "In the communicational framework, University, Industry and Government are seen as coevolving sub-sets of social systems, which are distributed and unstable. They are both selection environments, and the institutional communications between them act as selection mechanisms, which may generate new innovation environments, ensuring thus the 'regeneration' of the system." We showed that this "regeneration of the system" is due to nonlinear self-interaction of the communication field, originating from the dynamic symmetry of the TH model; 4. The ramified structure of innovation systems is a consequence of the special organizational format formed by three institutional actors who share a functional division of labor among them.
When such a structure is created at the national level, it can proliferate clones at all the lower levels of economic activity. This phenomenon was not present in the early industrial economy.
The transition from an industrial to a postindustrial phase makes it manifestly visible. In other words, knowledge-based economies can step into the phase of self-organization;
5. We conclude that the system's nonlinearity is also a consequence of waves of innovations, which describe spreading innovation activity in some media, dynamic symmetry in organizational structures, and system's invariants relative to local transformations;
6. The mathematical formulation of the Triple Helix model enables us to specify a more detailed and clear understanding of the processes occurring in the TH. This also allows us to move forward in our understanding of the nature of the processes, and improves our ability to make a prediction.
Elaborated mathematical sets of prediction-making techniques consistent with the symmetries of the model can serve as a basis for the quantitative evaluation of economic processes. This can also generate a vast field of follow-up questions for research and ameliorate the functioning of knowledge-intensive markets [56] .
Policy implications
Our model is based upon a well-elaborated quantitative theory in particle physics, and may serve as the base for quantitative economic analysis. These resources were not available in the traditional TH model or other economic models. However, the specification allows us to organize and focus the analysis, has predictive power, explains what has happened, and can form a basis for informing rational actions. The model provides a framework for a flexible system of structuring and interpreting the data, and for comparative analysis.
The transition from an industrial economy to a knowledge-based economy has led to an economic paradigm shift. A market economy may adequately be described in terms of interactions among 38 independent institutional spheres as in the DH model. should aim for a shift from the production of material objects to the production of innovation technologies if one wishes to achieve competitive advantages. In other words, the field i W is by itself the field source and is able to self-generate. This can be expected to lead to a ramified structure of the communication field.
